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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Symbol 

Metrio English 

Unit Abbrevia- 
tion Unit Abbrevia- 

tion 

Length  
Time  
Foree  

1 
1 r 

m 
• 

kg 

ft (or mi) 
»ec (or hr) 
lb 

second (or hour)  
weight of 1 pound  weight of 1 kilogram  

Speed  
p 
V mpli 

fpa 
kph 
mps feet per second  

2. GENERAL SYMBOLS 

Weight     mg 
Standard acceleration of gravity = 9.80665 m/s* 

or 32.1740 ft/sec* 

Mass=— 

r Kinematic viscosity 
p I )i'nsii v (mans per unit volume) 
Standard density of dry air, 0.12497 kg-m-4-** at 15° C 

and 7(10 mm j or 0.002378 Ib-ft-4 sec* 
Specific  weight  of 

0.07651 lb/cu ft Moment' of   inertia — mi*.    (Indicate   axis   of 
radius of gyration /• by proper subscript.) 

Coefficient of viscosity 

3. AERODYNAMIC SYMBOLS 

'Simulard"  air,   1.2255 kg/m1 or 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio, -w 

True air speed 

Dynamic pressure, ~pV- 

Lift, absolute coefficient <',.      ' 

D 
Us Drag, absolute coefficient <',, 

Profile drag, absolute coefficient' 'no
= 

Induced drag, absolute coefficient CD 

Parasite drag, absolute coefficient (';> 

D, 

Cross-wind force, absolute coefficient ('c " ... 

2626° 

t.        Angle of setting of wings (relative to thrust line) 
t, Angle of stabilizer setting (relative to thrust 

line) 
Q Resultant moment 
Q Resultant angular velocity 

17 
It Reynolds number, p — where / is a linear dimen- 

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,805,000) 

a Angle of attack 
« Angle of downwosh 
ao Angle of attack, infinite aspect ratio 
o,        Angle of attack, induced 
a. Angle of attack, absolute (measured from zero- 

lift position) 
y Flight-path angle 
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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Length. 
Time-. 
Force .. 

Power. 
Speed. 

Symbol 

( 
t 
F 

P 
V 

Metric 

Unit 

meter  
second   
weight of 1 kilogram. 

horsepower (metric). 
/kilometers per hour.. 
I met ITS per second- - - 

Abbrevia- 
tion 

• 
kg 

kph 
mp» 

English 

Unit 

foot (or mile)  
second (or hour)., 
weight of 1 pound. 

horsepower  
miles per hour., 
feet per second. 

Abbrevia- 
tion 

ft (or mi) 
aec (or hr) 
lb 

• lillll 

fp, 

2. GENERAL SYMBOLS 

Weight=mj 
Standard acceleration of gravitv=9.80065 m/s* 

or 32.1740 ft/sec* 

Mass=— 
g 

Moment   of   inertia — wit*.    (Indicate   axis   of 
radius of gyration /• by proper subscript.) 

Coefficient of viscosity 

3. AERODYNAMIC SYMBOLS 

w Kinematic viscosity 
p Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-nr'-s* at 15° C 

ami 700 mm; or 0.002378 lb-ft"4 sec* 
Specific  weight  of "standard"  air.   1.2255 kg/m' or 

0.07051 lb/cu ft 

Area 
Area of wing 
Gap 
Span 
Chord 

V Aspect ratio,  ., 

True air speed 

Dynamic pressure, =pV% 

Lift, absolute coefficient r,. L 

D Drag, absolute coefficient r„ 

Profile drag, absolute coefficient Coo"^ 

Induced drag, absolute coefficient C„,   "' 

D,      Parasite drag, absolute coefficient (,v   "' 

O        Cross-wind force, absolute coefficient Ct 

2826° 

i.        Angle of setting of wings (relative to thrust line) 
ti Angle of stabilizer setting (relative to thrust 

line) 
Q Residtant moment 
Q Resultant angular velocity 

17 
U Reynolds number, p — where / is a linear dimen- 

sion (e.g., for an airfoil of 1.0 ft chord, 100 inph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400; or for an airfoil 

. of 1.0 in chord. 100 mps, the corresponding 
Reynolds number is 6,805,000) 

• Angle of attack 
t Angle of downwash 
a,,        Angle of attack, infinite aspect ratio 
a,        Angle of attack, induced 
•a Angle of attack, absolute (measured from zero- 

lift position) 
y Flight-path angle 
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REPORT No. 710 

PREIGNITION CHARACTERISTICS OF SEVERAL FUELS UNDER 
SIMULATED ENGINE CONDITIONS 

My H. ('. SPKM-KH 

SUMMARY 

Tin pn iynitinn timraetirixtirx nf a number nf fmlx 
han bun xtutlml umlir cnmHtinnx xiiiiilar In lltnxi tn- 
rtiiiutiriil HI an inyint. Tlnxi ctniilitinnx inn ximiilutnl 
bji xmlili nly cum/in xxi mi a (ml-tiir mitlnri in rnntact 
with an ilirlrirnlly In all </ lint x/mt in tin rylimlir In ml nf 
llu \.\fWn>iiibiixtiiiii iifiimrnliix. Srhl'nrin iilmlnyra phx 
anil iiiiliratur rurilx inn tutiii nf tin burning, mnl llu 
IIIII-X]IIII tiIII/IIrntiirix ninxxary In ruiixi iynitinn nnilir 
ivtinux nmilitinvx inn ill It i in! mil. 

It ix i>nlntiil nut that /in iynitinn it ml tmwt un xi jHiruti 
anil tlixtiiirt plmmim mi nlthniiyh tiny fruimntly nrrur in 
ciuijiiiirtinli. flu Jlillin nriyittutiil by /in iijnitinn Inlx tin 
XIImi clmritctirixticx ax tin flnim nriyiniitul by u xjiart 
pl'nj. tin nnly tlifftrinri btiiiy tin timi mnl tin limit inn 
njiynitinn. I'n iynitinn nnly nxull in timrtbynilninriuy 
tin timi nf iynitinn. 

Tin inujriinilin pi rmixxilili sin ••'• In- niiliiiitx with tin 
rtiiiniix jmiynitiinj fmlx rniihl nut In cnrriliitul with tin ir 
iynitinn tt in jurat art ; but it ix biliu'ul Unit mint rnmbiMl- 
tinn nj iynitinn tt injii intuit", hint nf riniibiixtinn, a ml 
KJHrifir hiiltx nf tin rninbiixtinn jirmlmix nf tin fml nnly 
jurnixh il im mix nf jimlirtiny tin maximum jiirmixxihli- 

jMrfnrinaiin. 
Ill fin cintinli nf /in iijliitimj fmlx with an inenilxi in 

inyiiii «/«K/ mil hi ii/iliumi! by tin inrrinxi in tin tun- 
fit lilturix nj tlnrmally ixnlatnl linrtinnx nf tin rnmbuxtinii 
liimnbir, /inrtiriilarly tin x/mrk jiliiyx, with an im-naxiil 
imtliut nf tin inyini. .\ltlinmjh tin iynitinn tinijnraturi 
inrriaxix with tin inyim x/intl, tin inrriaxt ix lixx than 
tin inrrinxi nf tin ti m/ii ratlin nf xurh Imt x/mtx nwiny In 
mi inrrinxi il nut put. 

It mix (nilnil in tin rniirxt nf tin wnrt that, with tliix 
u/i/in i nt us. ruttiny nut 0111 nf tirn ilia mill'mill y M/J/MMM il 
s/inil, /Jiiys il'ul nut inrrinxi tin ti mli nry tit titnrt but, 
mi tin contrary, rnlurnl tin tnnrtiny limitary: tin tflirt 
wax xiiiiilar tn that nbtaiiml by ritariliny tin spirt. 

INTRODUCTION 

Two distinct types of fuel fuilurr Imvr been recognized 
for iimiiy years: preignition anil fuel knock or detona- 
tion. Kithcr of these phenomena, occurring in u high- 
output aircraft engine, may cause engine failure. 

According to Kicardo (reference I I. Ilopkinson sus- 
pected thi' dilferetice between preignition and knock M 
early us   I'.ml      Ilopkinson and   Kicardo lilted a long 

> steel bolt into all engine cylinder and then, using an 
indicator, watched the gradual transition from normal 
to premature  ignition  as the  bolt   heated   up.     They 

> found that genuine preignition was accompanied by a 
dull thud mid that the engine stalled after a short period 

• of running because the burning occurred early on the 
• compression stroke. There was no trace of the ringing 
| noise charucteristic of fuel knock. 

Sparrow in I'.i'_'."• gave a very complete discussion of 
the differences between knock and preignition. His 
opinions as published in reference _' agree well with 
pre-ent-diiy knowledge of the subject. 

Fuel knock consists in a sudden and extremely violent 
completion of the combust ion in an engine cylinder after 
part of the burning has taken place at a normal rate. 
High local pressures and temperatures result and violent 
shock waves are set up in the combustion gases, causing 
a characteristic liigh-pitchcd ping or ringing noise in the 
engine. The high local tempera tun* and pressures may. 
by themselves, cause engine failure or the local over- 
heating may lead to preignition and subsequent failure. 

I'I-I ignition is exactly what the name implies ignition 
of the charge before the instant at which the charge is 
intended to be ignited by the spark. On many occa- 
sions, preignition cannot be detected because it occurs 
only slightly before the spark passes, so that the advance 
ill the time of peak pressure is not great enough to be 
appreciable. At times, the condition causing preignition 
(overheated spot in the combustion chamber, overheated 
exhaust valve or spark plug, etc.) may be rapidly aggra- 
vated, each successive explosion occurring earlier in the 
cycle, until the engine may fail because of overheating 
or it may stall or break because of the pressures occurring 
on the compression stroke. Instances have been re- 
ported in which preignition has set in and engine failure 
has resulted before the operator hud time to stop the 
engine. I'rciguitinu has all the effects of an advanced 
ignition spark. 

With paraHinie. fuels such "s are now used in this 
country, knock and preignition freipiently occur in 
conjunction.    When knock occurs, the accompanying 

l 

m 
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high local temperatures iiiul pressures and the more 
rapid radiation of hen I muse overheating nf ptirls of (he 
combustion ehmiiher. wliii'li may leml lo preignition. 
The situation is thus intensified because the curlier 
ignition muses the engine to knock hni'iler. If the 
sitiuition is reversed, with preignition occurring first, the 
enrlier ignition may muse knock in the sniue nuinner ns 
iidviincing ihespiirk nnd the knock will cmise still enrlier 
ignition; the liunl result will then he the stunt' ns hefore. 

Kothrock mid Hiennnnn (reference 'A) hnve shown 
thtil, in liny particular engine, the density mid the 
temperature of the lust part of the charge to hum are 
the primary- factors nlfecting the knocking tendency. 
The 11iitii of reference :t also show thnt prcigniliou iiiusl 
be (rented sepnrntely from knock if the fuels nre lo he 
satisfactorily rated ill the engine. In the case of 
knock, the maximum permissible performance in- 
creases with speed for n constant spaik advance; 
whereas, with preignition, the indication is that the 
maximum permissible performance decreases with 
engine speed. 

All engine fuels can preignite. Among the high- 
output fuels that are available at the present time, 
certain fuels have very great resistance to knock but. 
when the engine conditions are conducive to overheat- 
ing, these fuels pre ignite. Such fuels may. for con- 
venience, he called preigniting fuels. If fuels of the 
prpigniting type are to be used in modern aircraft 
engines, the establishment of some relationship similar 
lo thnt developed in reference :t for knocking fuels 
would be desirable for rating the fuels in terms of 
maximum premissible performance in engines. In any 
case, their behavior must be studied in detail in order 
thnt engine conditions may be so controlled ns lo 
utilize them to their best advantage. 

Typical examples of fuels of the preigniting type are 
di-isobutylene, benzene, toluene, mid inethmiol. In 
reference 4, Heron and (lillig report engine tests in 
which the ratio of the maximum power outputs of these 
fuels to (hut. of iso-octane is given. At low speeds mid 
low engine-jacket temperatures, the permissible power 
output of these fuels was considerably higher than thnt 
of iso-octiine. In ench case when the engine speed or 
the engine-jacket temperature was increased, however, 
the ratio of the permissible power output of the test 
furl to that of iso-octane was reduced and, in some 
cases, the positions of the test fuel and of iso-octane 
were reversed, with iso-oclnne becoming the better 
fuel. In each of the tests of di-isobutylene, benzene, 
toluene, and inethmiol reported in reference 4, the type 
of fuel failure was either preignition or aflerliring. 
Afterliring is defined as firing after the ignition has 
been cut off. 

Serruys (reference ii) bus reported the results of a 
study of the variables alfecting preignition. In order 
to extend the knowledge of this subject, the NACA 
has   recently   conducted   u  series   of   tests   on   the 

relative ignition temperatures of furl-air mixtures of a 
number of fuels when compressed in contact with a 
healed surface in mi engine. The ignition temperature 
was considered to be the temperature of the heated 
surface. The results of the investigation nre given in 
this report. 

COMBUSTION APPARATUS 

Most of the tests described herein were carried out 
with the NACA combustion apparatus in conjunction 
with the NACA optical-type pressure indicator, the 
NACA spark-photography apparatus, mill three differ- 
ent electrically heated hot spots. 

Thi' combustion apparatus has been described in 
reference Ii. It consists essentially of a .">- by 7-inch 
single-cylinder tesl engine with n large glass window in 
the cylinder head to permit the combustion to he 
studied photographically. The engine is driven at the 
test speed by tin electric motor and is then fired once 
by injecting and igniting n single charge of fuel. The 
fuel is injected during the intake stroke. The engine 
temperature is maintained by circulating heated glyc- 
erin through the coolant passages. A diagrammatic 

! sketch of the apparatus is shown in ligure I. The 
cylinder head is of the pent-roof type normally having 
two exhaust and two intake valves. In the present 
design, the space ordinarily occupied by the two exhaust 
valves is used for the glass window. As the engine 
lires only once, the two intake valves, which operate 
simultaneously, serve for both intake and exhaust. 
The cycle is as follows: The valves are already open for 
intake, then open again for exhaust, and remain open 
for the next intake. The engine being run without oil, 
the results cannot be alfi-cted by oil in the mixture. 

AUXILIARY EQUIPMENT AND FUELS 

Thi' pressure indicator is described in reference 7. 
It was mounted in u steel blank, which was installed in 
the window opening in place of the glass window. 

The spiirk-photogmphy apparatus (reference S) 
consists of a battery of high-voltage condensers nnd a 
rotary distributor so arranged that the condensers are 
discharged consecutively, furnishing a series of spnrk 
discharges, h'or these lasts, the apparatus was used in 
conjunction with a schlierell optical arrangement 
lreference !M by which slight iliUVrences in index of 
refraction can be innde visible or can be photographed. 
The spnrk arrangement used gave 13 sparks at a rate 
of about 1,11(111 per second. 

A detailed description of the schlieren optical set-up 
nnd of the method of interpreting the photographs is 
given in reference ti. 

The three hot spots were electrically heated hut dif- 
fered considerably in design. The lirst, designed to 
furnish a hot surface Hush with the surface of the com- 
bustion chamber, consisted of a diaphragm across the 
i-iid of a fitting screwed into a spark-plug hole.    A 

mm 
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connector  attached   tit  tin liter  of  the  diaphragm 
served us tin' t'liTtrii'iil li'inl-in, and the rircail WHS 

completed  thr<>ii<r|i tin- mi'tiil of tlir cylinder head. 
Ari'iil'iitr ilrti'l'iiiiiiiitiniis of tin- hot-spot temperature 
wen' ilillirult with this IIII->I ii<r<-ni<-ti t hecmise tin' 
thermocouple roulil not hr phii-ed ill tin' hottest point 
of tin- diaphragm. Difficulty wns nlso experienced 
with burning-out of tin' diaphragm. All ttit- spm-k 
photographs mill tlir indientnr cnnls shown in this 
raped wan Bade with tin- hot diaphragm. After 
aevernl  trsts hud  been  niiwh', n plow  plug snrh us is 

• Glass windows 

attempt WHS therefore made in tin Detraction of the 
ihiril hot spot to nsr H wire size uml length roinpuriihli' 
with tlnit nsi'il in tin' glow pliiir. The work of Pater- 
son (reference l" slmwi'il tlml tin' case of ignition of 
coal gee-air mixUma Inoreaaed with 1 in- size of tin' hoi 
IL'IIIIIIIL- soiirri'. lii-wis uml von Kibe (raterauoa III 
point mil tlmt ti'iiipi'i'iitiiri's required fin- lood ignition 
by H heated point or wire nre often grcittly in exeess of 
those required for ignition hy 11 henteil snrftiee. 

When  ii  spmk  ping WHS used, it   WHS loeiiteil lit   E 
(lip.   11.    The  hot   spots  fitting  into  the  spurk-plug 

Injection valve 

Section A-A.showina openings 
for spark plugs and accessories 

Fuel tank 

Injection pump 

sometimes useil us 11 eolil-stiirling niil for eompression- 
ignition engines WHS insliilleil.    The thermocouple WHS 

welded near the miilpoint of the heating coil of the plow 
ping- 

In oiiler to provide- H more accurate check of the 
ignition tenipi-riitiiri-s of the fin-In, H thinl hot spot WHS 

const met iil, consisting of H length of niehrome wire 
iihont !ii inch in ilinmeter mill about I'- inches long, 
supported from H lilting in the eenter of tint opening 
for the optirill indieator. The thernioeoiiple WHS iit- 
tiii'lii'il to the eenter of the wire. Tempei'Htiires were 
determined hv 11 cliiiiincl-lilllincl thermoeoiiple uml H 
sensitive inillivoltmeter. 

It is known tlmt the iireii of the hot spot nlfeets the 
ignition   temperature   of   11   fuel-air   mixture.    Some 

Injection pump  with drop 
cam not indicated 

I liiiunttn 4.1 ctiiiitiiisliiin it|i|ninilii« 

I opening were located nl F; the single-wire hot spot 
WHS loeiited in the eenter of the window opening. 

Kucl injection WHS stnrtcd tit 211° A. T. ('. on the 
intake stroke. 

Ten different fuels were used iii the investigation: 

('. I-'. K. S 1 reference fuel (97 percent 2, 2, 
4-trimethyl pentiiue hy volume. A. S. T. M. 
oelmie iiumher. ittl.S; Army octane number, 
90.7) 

l)i-isohutylene 

Benaene 
Toluene 

Isopropyl alcohol 
Methanol 
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Di-isopmpyl ether blend (00 percent Stanavn ] tl ngine, successive cycles reproducing each other 
aviation   gasoline.    111   percent   di-isopmpyl j very closely (reference 12). 
ether liy volume; plus 8.0 ml tctraethyl Irnil 

pa ga 
i IIIIIII:I riiiN in  DATA 

Toluene Mend i.'iti percent toluene, 91 percent The recorded ignition temperature depeodi greatly 
li>«  vnpur prwnm natural avintinn gasoline, upon I lie iiltituilr of the hnl wire or roil with reaped 
-V. pi'i'i'riit isnpcntanc b\  volume; plus ii.ll ml |(l t|lr direction of the nil' movi'iui'iit  ill  the cylinder 
tctraethyl lead per gal      A. S. T. M. ocliinr nnil   upon   the  locution   • •!   tin-  thermocouple  mi   Ihr 

her, 00.711, average "f I" hihorntorii'si , heated portion.    I'ulrss Ihr thermocouple was located 
Two experimental s7-nctiinc gasolines 

In addition, blends of t". K. K. S l nml M I reference 
fui'ls nml blends nl' these fuels with tctraethyl Iciiil were 
miiile up nnil tested. iM I fuel hiis nn A. S. T. M. 
oetmii' miuiliei of I!).) 

Tl le fiiLTiin- Condition* were in I. .11., 

MDpCMvfon inlii» 

l.i.L'il llllll     IcllilMTllllircc,    .... :, 
-Hi. .1 111 outlet 

KliKine  s|iceclil  

7.11 ini.l M 
130* F, 230° F, 
310° F nine tret', 
nml Mf F 

•mi nml I HIi" rpm 

Kuel-iiir riitios were viiried friiin 0.114 to 0.18 for 
most of the fuels mid from 0.0ft to 0.2(1 for niPthmiol. 
The iiir quantity was estimated on the assumption 
thnt. nt the time the vidves elosed, the nil' temperature 
in the cylinder hiid renehed » value mid way between 
the inlet-air temperature and  the engine-coolant tem- 
perature. Tl le mi' pressure in  the cylinder when  tin 

ill the hottest section of the wire, the recorded temper- 
ature was too low. Inasmuch as the moving air in 
the cylinder had a large cooling effect, any change in 
the way in which the hot wire or coil was turned was 
very likely to change the location <if the hottest sec- 
tion.    This effect  is shown in figure 2.    The recorded 

valves closed  was  atmospheric   (reference   II Fuel 
quantity was determined by cinching single injections 

•i I lille 
I hi 

ed with cotton and weighing the via il on 
chemical iinlmiei 

Mil linns OF ultl \l\l\i. DATA 

Tin rec different types a f datii ere taken: sehlieren 
photographs,   indicator  cards,   and   ignition   tempera- 
lures of the different fuels at  various fuel-air ratios. 

The general procedure in making a lest was as fol- 
lows: The engine was brought to speed by the electric 
motor, the current of the heating element was turned 

tl le   engine   was kept 1111• t<11• 111•_•   at   constant 

230 <",n 290 310 

KKilKK 'J.    It-tnliM'i IHiilils of hMHBi I'.r .IIITITI III llnilcl-liill |MMlllum.    Cnnipri'S. 
ith.li riiti... 7.11. .-iii'liii^-iMiliiiil l|.|ti|H>niliir«'. *J.Mi°  I    n,n i.l pitt'li ••> iitnii.    LI 

speed.     When    the   millivollmeler   showed    Unit    the 
temperature of the hot spot had   reached  eipiilibrium j ignition temperatures for benzene are plotted on polar 
•it the desired value, a trip lever was pulled, injecting ! coordinates for a number of different angular settings 
the single charge of fuel into the engine.    The lint-spot     of the glow-plug hot spot.    The coil of the glow plug 
tempi 
nlme   was   reached   at   which   the   charge   would   just 
ignite. 

lure was systematically varied until a temper-     was first placed just Hush with the inside of the cylinder 
head  mid  then  unscrewed   in  4f>°  intervals;  readings 

Ten or more tests were made at each condition when 
the iII11• 11uiini  ignition  temperature was being deter- 

were taken tit each 4"i° interval. Inspection of figure 
2 shows that great care must be taken to avoid being 
misled   by  some   freak  setting  of  the  hot   spot.     For 

mined, and  from 3 to  It) records were taken at   each ,  instance,   the  choice of suitable  settings  lead   to  til 
condition   when   indicator  cards   or  sehlieren   photo-     conclusions that:  Tl 
graphs were being taken. 

ic ignition  temperature decreased 
with  increase of speed,   it   increased  with   increase of 

During most  of the work,  the inlet   valves of the I speed, and speed had no effect.    After a great deal of 
engine were shrouded in such a manlier lhal the intnk e     experimentation, the hot spot was so installed as to he 
lir was directed in a circular path around the axis of \ fully exposed to the air stream instead of I: 
the cylinder.    Air movement   of this  type  has  I n J to eddy  currents 
shown   to  be conducive  to  very   regular operation  of I are believed to be reliabl 

icing subject 
Kesiilts obtained  at   this  position 
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Bandog out of tin not win or breakage of ike ther- 
mocouple occasionally made i new installation neces- 
siiry. Kuril M installation caused sonic elwnge in 
the raeorded ignition pointa of the fuels; the ignition 

continued liring when tin- ignition switch WM momen- 
tnrily opened. Hi www in the engine were indicated 
by n piezo-eleclric indicator using n cathode-ray oscillo- 
gnph,   Wiili iiu~ instrument, nny pronounced adTance 

point of tlir S i furl was therefore always determined    in the time of Ignition owed by the hot spot was easily 
detected li\ ilic change iii the shape of the indicator after• new installation. When n table wns made for 

comparison of the ignition points of nil the furls, the 
viilurs were so adjusted us to I Mpanhh with the 
highest value recorded lav. she 8 I fuel For sample, 
the vnlur actually determined for di-hnbutylene nt 
.">tlll rpm wns 1,250° F. The vnlur for the S 1 fuel 
with the snnir hot-spot instnllntion wns 1,3.55° F, u 
ililferener of It).".0 F. The highest reeonleil vnlur for 
S I fuel wns 1,555° F; the cli-isnbiil vlene wns therefore 
assigned mi adjusted ignition temperature of 1.4511° 
F. No corrections were applied to the vnrious curves 
of ignition triuprrnturr against furl-nir in I in. The 
iliiln in nny one figure nre therefore conipnrnhle among 
themselves hut nre not necessarily comparable with 
the ilntn in other ligurcs. 

TKSTS WITH C ¥. It   I.M.IM: 

A few tests were conilui'tcil on n ('. F. K. engine for the 
purposi'of cheeking the trends foiinil with the combus- 
tion nppnrntus.    This engine differs from the standard 
fuel-testing unit in tIon it hns n high-sp I rrmikeaae, n 
Conventional   automotive-type  down-ilrufl   carburetor 
Instead of the thr howl fuel-testing carburetor, • con- 
ventional throttl nit ml instead of n throttling orifice, 
mid n speeinl cylinder henil hnving four IS-milliluctcr 
spark-plug, openings inslend of twit. The locutions of 
the spark-plug openings nre shown in ligure :i. The 
engine wns coiiph'd  to n :>ll-hniscpower direct-current 
dynamometer. 

7.11 
212"  t 

1,000 ami 1.000 rpoi 

I r ' :•! 3.    I.-..' ii ..'II ill   |i nk |.lu   l> '!•    in f •aetst 

curd. 
Kugine test I'onditions were ns follows: 

('niiipri>fion ratio .   
KiiKinc-rnnliitit tauipaiatats 
KlIKillC *|>C('<I*        

spark advenes.  -- -- 

Fuels used WereC. F. R.   S  1  reference fuel, toluene. 
bensene, laopropyl alcohol, mid di laopiupyl ether. 

KKSll.TS AM) l)IS« I SSION 

w I I 111   AMI I I I I <  Is or PBKKiMTIOM 

A fuel may tend to preignitc mul still have grent resist- 
ance to knock. This fuel is shown in ligure 4. which 
presents  indicator oarda taken with the oombuation 
apparatus for S I fuel, henzene, mid niethmiol for 
engine conditions severe enough to cniise the S I fuel to 
knock. Neither the benzene nor the inetliiinol knocked: 
furthermore, it is known to he extremely difficult to 
force either benzene or mctliiinol into actual rccognix- 
nlile fuel knock nlthoiigh thudding mid rough running 
will occur. On the other hnnil. bensene mul metkanol 
nre holh known ns prcignitiug fuels. Iiut S I fuel is not. 

Although preignition is recognised to he ignition by 
II hot spot in the engine before the intended time for ig- 
nition of the charge hy the spark, the character of the 
llnmc mul the milliner in which the combustion takes 
pliu'e luive been Inrgely II matter of speculation. The 
photographs in figure 5 show thnt the flume started hy n 
-mull hot spot is similar to the llntne originated hy the 
spnrk plug itself. The upper st rip of photographs shows 
the hurtling when ignition wns caused only hy the spnrk 
plug. limning Blurted nt the top of the photograph, 
heing first visible ns the il.nl, region nt the top of the 
lilill frame from the left. The llmne traversed the 
chamber mid burning wns completed shortly after top 
center. The second strip of photographs shows the 
huruiug when ignition en used hy thr hot spot ocriirrnl 
after the ignition hy the spnrk. The burning started 
hy the spnrk plug nppenreil nt the top ns before mid 
partly traversed the chamber. As the llmne front ap- 
proached the hot spot ut the opposite side of the cham- 
ber, ignition   took   place  from   the hot spot, mid  tin 

The glow plug (heated coil) wns used ns the hot spot  . llmne from the hot spot merged with the llmne from I IK 

for the (\ F. If engine tests.    It was installed in the en- • spnrk plug (ninth frame). 
ginr in position II. with the spnrk plug in position A The lowest strip of photographs in figure S shows thr 
(lig. S).    In this position, the heated coil wns not dinmct 
rienlly opposite the spnrk plug. 

The engine tests wrrr made us follows: Thr rllgiiu 
wns run under loud until conditions became constant 
the current to the hot sjnil wns then turned on, mid its 

liurning when the hot spot wns sullicieiitly heated to 
ignite the ehnrge before the spnrk occurred. In this 
ease, the llmne started from the hot spot nt the bottom 
of the photographs mid li.nl utmost traversed the 
chamber before the llmne from lb" spnrk plug beciune 

empernlure wns gradually increased until the engine | visible in the sixth frame from the left.    The effect of 

x 
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pwrigwUJon or MM- character would depend on the 
••luiriiili-rislir-s of the I"• • • • I In iML- used. Willi InllirilO, 
us iii Mil case, knock would not occur hut llir engine 
would lose power iiml failure niifilil occur from over- 
heating or tln< angina mi^lit stall. If a kaoeJdag fm'l 
wan usi'il. the excessive ignition advance might oanae 
furl  knock  because of I lie higher peak  pressure mill 
teanperatara nn<l il enaaajaani overheating woaU 
furtlicr aggravate the prcignition.   Latge muabeti oi 
photographs were Iiikcn of (lie prcignition of vnrioiis 
fuels, mill .-ill of Ihem indicate Mini I lie flume originated 
dv pmignilikin baa ilie anu rlinrnrteristic.fi us (he flume 
originated by n spm-k plug. The only ililferenee is in 
the lime mul (lie loeiilioii of llie ignition. 

The indicntor ein-ds of Injure li show the clfei-l of 
prcignition mid of u second spm-k plug in changing the 
point ul which penk pressure occurs.    In  record .iv 
Il ngine WHS running nenr the limn for the fuel, with 
very light knock.    K >nl Mtio shows Mint, when two 

1 spm-k plugs were used on opposite sides of the climiiher 
without changing I lie ignition  timing, |>enk pressure 
occurred curlier in tl ycle mid nenrer top center mid 
the knock intensity was iticrensed. For reconl :W2. 
the hot spot WHS used in phiee of one spiirk [• Iu• • The 
lemperiitiirc   of   the   hot   spot   WHS   so   ildjusted   thnt 

;  i--iiii occurred ul iiliout the lime llie spm-k piissed ul 

j thespiirk ping.    Tl Ifeel of the hot spot WHS therefore 
1 the siime us Mini of the second spurk plug in record :<<)(); 

the pen I. pressure occurred nearer top center mid was 

higher Minn with one pin;- mid knock occurred M before. 
Kecord :t!M shows the pressure conditions when llie hot 

spot WHS hot • -• i<• • JL-11 to cause very early ignition. Most 

of the charge hurncd curly on the compression stroke. 
Such early ignition causes I lie engine to expend consider- 

iihle energy in compressing the already hurncd gases and 
would result in a serious loss of power, engine stoppage, 
or failure. 

S-l  fuel 

Benzene 

Methanol 
VtoDU I.   In <i. .i..i Mini* for thm- lUfl*.   Coinim-sslun rullo, 7.11; i-nRlnp-cuiilaiit li1 

•mi-mliir... »lll° K; ,.,„.!, ,,|, .,„r .«„„„ ..„„.. •„,*. ,„„.       k   ,        „, 
rntlo ft* niiii|ili.|i- niiiihiLsiinti. '    k 
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Tin- data of Igom r> ulearlj show tba »»v in which 
I i• • i•_ 1111 inn cull cnust' kliork liv advancing the i>m>i 
nt which penk pressure occurs. Comparison of rcciinls 
:<N!) mill Still nlso iiiilirnli's llml I In' ratting mil of OM 
spnrk plus:, when mi I'IIL'IIH' is 1-111 in mi- on two plugs, 
innv not iiK'ii'tisi' tin- tciulcncv to knork hill, on the 
contrary, innv ileoronso it. Tin- reason in lliis cnsc is 
olnioiis: Tlir use of onlv one -pick phi|! insteiul of two 
liuil tlir sunn' effect ns retarding the ignition timing. 

This ti'siilt is nt variance with the opinion of engine 
opiTiitoi's in general, mul it is vrrv decirable tlmi precise 
oiijrinc ilnin slmiilil In- .1 MIil.iIili- to clarify tin' point, 
rnpnlilislii'il <lntti taken nt tliis labaratorjr, on twn 
different Hqtrid-oooted cylinders, have not hamiahad 
roni'liisivi' itifocninlion. It iippnirs prolmlili-tlint the 
I'H'rrt varies ilep'tiiliiio: on eiu;inc conditions. It mijrht 
lio thoitejit tlml. in nn net mil engine, tin' spurk plnv 
whicli   is cut   out   ovi't'lii'iits  mul  causes  prcignition. 

One apark plug 

Two »park pluge 

T.C. 90° A.T.C. 
Spark plug and hot epot, heavy preIgnition 

KliilKiP.    kn.nk Inilllml li>-hit SJKII mul h> tMiiMwii»|«rltiiltit.s.   C<im|iri-«.iiiti riitl.i.r.ll;tii|!i i-o.Uiril hm|iuiiliiiv, ffiir r;rn|tlni' •imtl.au nun: >|<irkiulvniiiv. Itr; 
liti'l, W iHTirnt S I, 1.1 |H>rti-ul M 1. 

i 
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Kiitliriii'k mid liit'i'iiiiinii lni\«• reported, however, that, 
wiirn one spiirk plug was nil ciul on a single-cylinder 
test i-ii'jmi-, its electrode temperature immediately 
decreased.     (See reference 13.) 

Tlir indicator cards of figure 7. taken at an engine 
speed of 1,0(10 rpm. show the effects of advancing the 
spark, of using two spark plugs, and of moderate |n<- 
ignitinn. Kccnnl 4'Jtl slums the pressures Tor a spark 
advance of 25° when one spark pln-j was used. Knock 
did not occur.    When tlic spark was advanced to 30°, 

us in record 110. knock occurred. When two spark 
pings were used and tlic spark was set at 'J">°. the 
engine knocked as shown liy record i'2X. The use of 
two spark plugs hail the same clfcct as advancing 
the spark. With the hot spot just hot enough to 
ignite the mixture at about the same time that the 
spark occurred, thus acting as a second source of 
ignition and advancing the time at which peak 
pressure occurred, knock occurred again as shown hy 
record 438. 

One spark plug, spark advance 25° 

One epark plug, spark advance 30° 

WKM 
Two spark plugs, spark advance 25 

T.C. 90°A.T.C. 
Spark plug and hot spot, spark advance 25° 

Fliil'KK'.   KniH-k iii'liii-ril hy hut S|MI1. hy il*'"f Iwn -|mrk pliins w hy wlviiiirinn lhi's|i:irk.   c tiri-siiiii rnlin. 7.i:; i-tiui!ii--(fMil:iiit IctiiiHTiitiiri'. VHP K; CIIKIIIL* SIHHNI, 

I.UHI rpiii;ftii'l, W jn-nvia H I, hi lH'nrnl M I. 

ST 
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Ill reference fl, Scrruys slums tin- effects nf engine 
speed, iiitnki'-nir pi'i'ssuri' nml temperature, fui'l-iiir 
in tin. •• H ti | >i >—i>>ii ratio, and tiirlmli'iirr nf tin' charge 
mi prcignitinn. Tin- duration of contact of tin- mixture 
\vitli tin' liot spot, tlir fui'l-iiir nit in. nml the density and 
tin- ti'inpi'i'iitiiri' nf tlw charge in tin- engine art' tlir 
fiinilmni'litiil factors rovi'i'i'il by these vnrinlili'S. Tlir 
engine spiTil nml tlir turbulence of tlir •Imi•_•• affect 
tlir iliirntion of rontni't of tin- mixturr vuili till' liot 
spi>t. Tlw intnki'-iiir pri'ssuri' nml ti'iuprriituri'. the 
engine-coolant ti'iiipi'rnturi'. nml tlir roinpri'ssion ratio 
nlfi'i't tlir density nml tlir ti'inpi-ratiiri' of tlir charge in 
tlw engine.   In ndditioii. tlir engine s| d. tin- cninprcs- 
sinti MI tin. tlir fui'l-iiir mtio. nml tin- iiitnkr-nir density 

a.ooo 

WOO 

\ \ 
\ IBOO I 

w .___  , -soo 

B.000 i 
1, 

moo 
$ 

ieoo »-             4 1—, r L.UOOO 

w • -soo 
.0 4 .0 S       .0 9 ./ 0 .1 ? . •1 .1 s 

('arc slioulil l>r ust'il in applying the ri'sults for till' 
I'lfi'i'tsof engine s| I lii'i'iiusi'. ns tlii'spi'i'd of n running 
engine im-ri-nsi's nml tin' total output accordingly 
inrrrnsi's. tin- li'iiiprrnturrs of |Miorly rooli'd areas of 
tin- inner surface will increase on account of tlir greater 
hriit    How   nml   til insripirnl    higher   temperature 
gradient rvrii though tlir I'oolnnt trinprriilurr is imiiii- 
tiiinrd coustniit. Alllion^fli tlir hot-spot temperature 
nrrrssnry to rnusr ignition inrrnisrs with engine sp I. 

x Blends ofS-lond M-l 
o Toluene        _L- 
A Benzene 
a Methanol 
+ Oi-isobufylene 

Fuel-air ratio 

(MI S I (lll'l. 
111!   H.l./i In 

Flt.i KKS     I 'I.. I nf s|n-itl mi ititiilinti I. rn|« i .1 mi     I >ntii|in>M>l»li niliii, 7.11;. II.IIII 
. i . I ini I. mi-1 iiiiri . J'-I   I   :. iiiin.n l»y 1ml win-. 

idfrct tlir total powrr output of tlir engine nml hrnrr 
tiffed tlir trinprrnturr of tlir innrr combust ioii-chiiinbcr 
wall. Tlir triiiprrnturr of tlir rotuliiistion-rliniulirr wnll 
will, in turn, nlfrrt tlir tendency toward preignitioti. 

Effect of engine speed. Tlir duration of rontni't of 
tile mixture with tlir hot spot ilrrrrnsrsns the speed is ill- 
erensed; tlir velocity of nir Mow is nlso increased so thnt. 
if iiny trmlrnry for swirl exists, the mixture will hr car- 
ried past the hot spot faster and the duration of eimtnet 
will hr farther shortened ns tlir speed is increased. 
The niitn-igiiitinn of furls is generally recognized to he 
n function of hoth time nml temperature. If the iliirn- 
tion of rontnrt is short, Ihr temperature of the igniting 
surfiirr must hr highrr than it would hr if thr contact 
were of longer duration,    (jiiniititiitivc measurements of 
this effect have I u made hy I'aterson (reference III), 
who ignited mixtures of coal gns nml nir by hot, rapitlht 
moving pellets. On the hasis of this knowlrilgr, one 
would expect the ignition triiiprrnturr to increase with 
the engine speed. That the ignition temperature in - 
ereuses with the riiginr sprnl was shuwii ill reference 5. 
It isnlsn shown by the present results plotted in figure S. 

ISO tOO        MB        300 
Indicated mean effective pressure, Ib/sq in. 

I Hi i I nl ill'llrit.-I lllllllll'lTll'lil 
Kliiiin  S|HV<I, I.MHIrpill. 

pn-SSlin* nil thiTiuiil [ilui; l,'iii|HTiiM|Ti 
lllllH   l-.'i    l. '. n • . .   1. 

Ihr inerense is smnllrr than thr inereiise of inner-wnll 
lemprrntiirr been use of inereiised output. This rlfrct 
may explain the fuel thnt preigniting fuels depreciate 
with inerense of engine speed. 

Figure !l. which is plotted from dntii given in reference 
•4, shows thnt the inner cylinder-head temperature does 
increase with increased power output. The data show 
thr temperatures of n thrrimil plug in thr cylinder head, 
recorded for thr engine conditions at which the fuels 
failed. This thermal pha: ronsistrd of a nirtnl disk 
mounted in n spnrk-plug hole. A thernincouple was 
mounted in the disk. The temperature of the thermal 
plug was not necessarily the temperature of thr hottest 
surface inside the. cylinder hut was tin indication of 
the trend of thr temperatures of parts of the chamber 
thai were not well cooled. The points for the blends of 
S I ami M I full tilting a smooth curve hut those for the 
other fuels show considerable divergence from the 
curve. Tin' scatter of these points shows that, sonic 
fuels will cause considerably higher cylinder-wall tem- 
peratures than others do for the same indicated mean 
effective pressure.    This fact will be discussed later. 

I 
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Effect of engine temperature. The difference in the 
wiiy in wliicli fuels of the p<-<-iiriiilin<r type respond In 
changes in (lie temperature of the inner surface of the 
enmhustion chandler. M compared willi fuels of the 
knocking typo, is shown in figure in. plotted from data 
in rofeieti t.    In figure 1(1 nil mr plotted tin- thcrniid- 

1.000 
900 900       1.800       1.800 Engine speed, rpm 

peraturc necessary for ignition. Tliis effect is not to be 
confused wild tin- . II. • i of increased coolant tempera- 
ture in an m-tmil engine where, if the engine runs hot- 
ter, there will he mi inerense in the teuiperiitiire of any 

'/*v> 

i.      ••    •ti-rfcr-^l IT 

• ;.«»? 

I#» 

IfOO 

'•.*•'< 

blend 

Coolant 
S-l      temper- 
fuel    afure. *F 
u   A        ISO 
OX        iS0 

vV 
$ 

Toluene blend 

.OB 

S-l 

.OB JO 
fuel-air rafh 

WOO 
too 

I 

s 

./* 

KK.tKK in.    HI., t uli-iiKlllfik|N>nUlilt: Mtliililliinsnii m IMIKIIIIL |H-rmis-it>lr MttTltml 
pliii; h'iii|HT»turi-.   |t:iliifniiii n-ftTi'iiit I 

plug temperatures at whieh the knocking fuels failed 
•it engine speeds of !HHI and 1,800 rpm and at eoolaul 
temperatures of 212° and ii.'ill' K. In figure III (hi. the 
thernial-plug leinpenitures at which fuels of the pre- 
ignitiug type failed are plotted. Inspection of figure 
111 (hi shows that the prcigniting fuels failed at about 
the same thermal-plug temperature regardless of the en- 
gine condition. When the hottest part of the chamber 
reached the ignition point of the fuel, preignition set in. 
Thus, the power oiilpul of the engine was limited hy 
the amount of heal How that could he accommodated 
hy the cylinder head and hy the cooling system of the 
engine. The knocking fuels, being limited hy the 
temperature and the density of the mixture, were less 
sensitive to the cylinder-wall temperature and, as 
shown hy figure III (al. the thermal-plug temperatures 
increased as the engine conditions hecaine more severe. 

In figure II are shown the ignition temperatures of 
the toluene Mend and S  I fuel at different engiiie-coolnlit 
temperatures and for two engine speeds.    Th hint 
temperature hud hilt  little effect  on  the surface tem- 

Hl-. i <>l i-iiKltw itHil:iiil l«-iii|M'mmr«. mi Unitioti . I i..lu. n. l.l.ii'l 1111 
S 1 lili'l.   ('<>iii|iri->i«in rsitlo '.i..*.; iiMiitiiin !>> Iii-ntml ti.il. 
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Iml s|>ols in the combustion chamber mill 11 corrc- 
spnudinu, increase in tin' tendency Inward prcignilinti. 

Effect of compression ratio. Tin- clntii in figure 12 
show tin' effects i.l changing the compression nil id 
upon the hot-spot temperature required I'm ••_• mI •• HI of 
tlie toluene lili-iiil mill S I fuel. Kiirmi- 12 (n). for im 
• • 11LT11n• spi'i'il of ."iiHI lpin. shows ii ileereuse of uliont 
ti()° K for S I fuel mill of L'.">° or JO" K for tin- toluene 
lili'tnl when tlie I'ompri'ssion mtin was changed from 
7.0 to 0.6.     At mi engine speed of 1,000 rpill. the elfeet 

-k 79 percent S-l. 21 percent M-l 
» 79 - .11 '   • 
o S-l fuel 

^o S-\*a.Smtrbtul90l 

4ml l-itli, i - 

oe       .10      .ie 
Fumt'Oir ratio 

KIM-UK 13.   iKllllfnn nf Iwu in. I- Mjfli mnl uitliiml  mlililjiiii gf N'trm-lliyl hid. 
rmiiiin-ssfun mtin, T.it: efnitiH--ttitilHnl li-mii-mlun-. Wf V, i'iu:im- *|*v.l. AM ri-in 
it'iulli'ii h> III'IIIIHI dill. 
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WHS very slight, IIS shown by figure 12 (l>). The reiison 
for the difference in results with increase in speeil is not 
known. 

In reference 5, the data show 11 ileereuse of uliont 
S()° I'' when the i'ompri'ssion ratio was changed from 4.5 
to (i.5 at an engine speeil of 1,250 rpm. In general, a 
dec reuse ill ignition teliiperiilnre is evident with an 
increase in compression ratio. 

Effect of antiknock rating and of tetraethyl lead. 
Nome correlation apparently exists hetwci'li  the anti- 
knock values of parallinie fuels, hold clear and leaded. 

and their ignition points, cither as determined in the 
comhiistion apparatus or as determined in an apparatus 
like the Moore type. Typical values of ignition tem- 
peratures for various fuels arc shown in reference 14: 
reference ."> also gives a comparison of the ignition 
polate of fuels of diirerent antiknock value. In general, 
the ignition temperatures of the parafh'nic fuels in- 
crease with an increase of the antiknock value, although 
some variation occurs. It is necessary, of course, in a 
comparison of ignition temperatures, that they lie 
determined by the same method anil prefcralily with 
the same apparatus anil hy the same operator. 

On the hasis of the increase ;n ignition temperature 
of the parallinie fuels with an increase of antiknock 
value, the addition of tetraethyl lead to a parallinie 
fuel would lie expected to increase the ignition tempera- 
ture. This elfeet is seen in figure IS, which shows the 
effect of adding tetraethyl lead to S I fuel and to a 
mixture of S I and M  I fuels. 

When the tested fuels are not limited to the parnflins. 
there is as yet no correlation hetween the ignition 
points and the antiknock value. Kven parallinie fuels 
thai have lieen brought to the same antiknock value by 
the addition of tetraethyl lead may dill'er in ignition 
temperatures.     This   effect   is   shown    in   figure    14, 
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where the ignition points of four 100-oetnne fuels are 
plotted. All four fuels show somewhat dilfereiii 
ignition temperatures, although the S I fuel and the 
mixture of S I and \l I fuels are hoth paraflinic- in 
type. The addition of lend to the mixture raised its 
antiknock value to that of the S I fuel hut raised its 
ignition temperature above the value for S I fuel. 

Effect of fuel-air ratio. The chemically correct fuel- 
air ratios for complete comhiistion of several tvpical 
hydrocarbons are shown in figure 15. Ignition tem- 
perature is plotted against fuel-air ratio in figure S and 
figures II to 14. All these figures show the same 
general trend, with very little effect of fuel-air ratio 
until a mixture ratio is reached somewhat leaner than 
the ratio for complete combustion. At these leaner 
mixtures,   the   ignition   temperatures   show   a   sharp 
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upward trmd. It might In- expected Mint the ignition 
IHiiiits would again It.- higher at the richer mixtures. 
In these tests, ns tin- fuel-air ratio was increased, read- 
ings became increasingly erratic until fajliUuHl ronlil 
only occasionally lii' obtained. I demise nf the hot- 
spot temperature diil not, however, inerense th in- 
sistency of ignitions. In the tests reported in referenee 
,'i. Serruys round thnt the iiiiiiiniiun lemperatiire for 
ignition oeeurred nt a mixture strength somewhat on 
the   rieh   side  of  the   tl retieid   value  mill   that   the 
ignition   temperatures   inert-used   fairly   rapidly   with 

casional preignition 

.60 .80 1.00 
Fuel delivered, cc per sec 

Kn.i I:K in.    KlTit'l of minim- «ln-ii«lti.   t'tmliinl-iitilli't li'tnin-nilim-. lae C: < n.-in. 
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~6 8 10 /<? 14 IS IB eo 
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FHii'HK 17. Ignition ufciMl Kan-Mriiii\tiin-»t>> li"t mitvini IH'IIPI. riiitimiiii i- ll.i 

'1 itiillimi-li-rs in •liiwifti-r: vi-lm-ity. Jl im-irrx i-r MI-MIKI. I'lifinicjillj mmi-l 

mliiurf>,2l prrrvnt.   litttiifniiiuvfeiwuvlll. 

increasing riehIIess of the mixture.    The trend found in 
referenee "• is shown hy figure Hi. 

I'lltersiill's null, in referenee III was earried out 
almost exclusively with mixtures on the lean side of the 
ehemieiilly eorreet mixture (21 percent coal gas by 
volume). His data at richer mixtures were erratic 
hut led him lo believe that the ignition temperature 
was higher at the richer mixtures. A cross plot of his 
data from figure 4 of reference II!. showing ignition 
temperature against mixture percentage, is given as 
ligure IT. The data do not extend beyond the 2(1- 
pereeiit mixture, but the shape of the curve on the lean 
side conforms fairly well to the shape of the curves in 
the present report. The chief difference is in the point 
at which the curve begins to bend sharply upward. 
The curves in the present work turn upward shortly 
after reaching the lean side of the chemically correct 
mixture; whereas, the curve of ligure 17 does not bend 
sharply until mixture ratios far on the lean side are 

reached. The curve for nietliiiuol. however, determined 
during the present work, extends considerably into the 
lean region before breaking upward, as shown by ligure 
IS, which gives curves for toluene, benzene. S 1 fuel, 
and inethaiiol. The chemically correct fuel-air ratio 
for complete combustion of methanol is about 0.1M. 

I "Ml" llllsoN Or M.M I II i\   II MI'I III I I III „ OP I'll I I 111 S I   nils 

The curves of ignition temperatures against fuel-air 
ratio foi' all the fuels tested show the same trends. 
The data for the complete list of fuels have therefore 
been selected at a fuel-air ratio slightly richer than the 
ehemieiilly correct ratio mid are presented ill tabular 
form.     In table I the recorded ignition temperatures of 
the fuels have been adjusted so as to b impartible, as 
discussed  in a  previous section.    Values not  adjusted 
were already directly comparable. 
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The fuels are arranged in table I roughly in descend- 
ing ordcrof ignition temperatures. Differences of 2"i° V 
or less in the recorded temperatures are not considered 
particularly significant, but several fuels are apparent 
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from llic data shown. Tlic iiililitimi of tctraethyl Irml 
to S 1 fuel mill l» ii mixture uf 7!>-pcTc.cnl S I mill "-M- 
paroant M I lucls caused a definite increase in tin* ijsni- 
tinii temperatures. (This affect is shown throughout 
tin- complete range of fuel air ratios in lig. 18.) Under 
these conditions, tlie ignition temperatures of toluene 
anil lii'ir/.i'iir were apparently iilimil tin- same us llint 
of S I fuel. Tin1 ignition temperature of the toluene 
lilrnil was definitely higher tlnin llial of tin- pure 
toluene. 

available WM snllirii'iil fur only one run: tin- imlii'iition 
is (lint  I lie ignition temperature ill mi engine -| il of 
1,000 rpm is slightly higher limn that of S I fuel ill thi' 
nme engine sp I.   Operation with ihis fuel trae, wry 
sinoolh nnil steady. 

Tin11'ircci of engine speed for tin- ('. F. K. engine was 
I'oinpni'iililr with tlml obtained for tl imlnistion up - 
pnriitiis, ns is shown by thr ihitn for S I fuel and 
hcn/.i'lir. Tin- temperatures recorded on the ('. F. K. 
engine nt 1,11011 i pin lire surprisingly nenr those recorded 

It is interesting to note thnt the ignition temperatures    on the combustion apparatus at 1,00(1 rpni.    Inasmuch 
of methmiol mid di-isobutylcnc are decidedly lower than 
those of the benzene and the toluene. 

TKMTN WITH C. F. II    KMiINK 

Figure Ml shows the results of the tests carried out on 
the ('. F. R, engine using the glow-plug hot spot.    The 
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as different types of hot spot were used and as the re- 
corded temperatures depended greatly on the position 
of the hot spot, the character of the air flow past il.and 
other factors, the agreement of the temperatures with 
those in table I is probably fortuitous. 

Figure III (hi shows the recorded temperatures for 
toluene and isopropyl alcohol. The speeil .It'.n is again 
prominent, and a downward trend at leaner mixtures 
at an engine speed of J.IIIIII rpm is also evident. The 
engine ran very irregularly at the leaner mixtures when 
ignition was started only hy spark hut. when ignition 
was started hy the healed coil, the engine operated 
smoothly. This effect can undoiihtedly he attributed 
lo the large mid intense source of ignition furnished hy 
the heated coil. 

Fuel-air ratio 
In) s I MIII. l.i II/I in . mill i|j i n|.i.,|.i i ,.||i, r. 
(Ii) Ttilni-iii-mi-l !<u.|irii|i> I IIUIIIIIII. 

Kn.i IIK III.   liMiitimi nl vHrluus nirl* in c. V. It. I'liiiitii-. 

data do not extend as far either to the lean or to the rich 
side as do the corresponding data from the comhustion 
apparatus hecause (I) the engine would not run at 
leaner or richer mixtures than those shown and (2) in 
some cases, there was insuflicicnt fuel on hand lo obtain 
more than one or two points on the curve. Figure 111 
(a) shows the recorded temperatures for S I fuel, ben- 
zene, and di-isopropyl ether.    The di-isopropyl ether 

.00 .10 
Fuel-air ratio 

I'll.1 HI 211. I tl. i I nl in. I HI i il ii- mi i-.liiMilti"l |- ik h ni|i i in in nnil |N-iik |irri- 
sun-s. I'iitii|in-s.-inti riitin. .V juiliiil ti-tii|M-r:ilnn-. 112° V: iniii.il |iri-*siuv. I.n 
ltfllllH|llwn    Onl i Irniii n-li-n-iuv 1-1. 

The heated coil received a part of its heat from the 
comhustion in the engine, and the rest of the heat was 
obtained by electrical healing. In the case of methanol. 
the healed coil reached the ignition temperature of the 
methanol very quickly after the engine started tiling 
and without the addition of electrical heating. The 
engine could therefore not be run with methanol as fuel 
because the engine always stalled a few liniments after 
it was started. As nearly as could be determined, 
pi'eiguition started when the hot-spot temperature was 
between l.:{7"iJ mid 1,400° F. 
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nilviini'i'il. may cause knock l>v advancing the ignition 
An interesting phenomenon ww encountered during I timing. 

liiii.n teem with banaene.   Ai fuel-air mhos I     >. The data indicate thai hum engine having ignii inn 
by two s|tni'k plugs, culling nut one spark pine innv not new tin- theoretical ratio for complete eombuation, 

preignition after it had onee iterted became entirely necessarily increase the lendenev to knock bill, on the 
am ontiolliil.lc and smiled the engine ray quieldy, even ! contrary, may reduce the knocking tendency; the eficei 
though the beating current waa turned oir ns soon ns 
preignition started. This elferl inviuinl.lv occurred ill 
fuel-nil- in tins nciir the theoreticiil hut, n| ratios some- 
what higher or lower than the theoretical, the preigni- 
tion could be readily controlled l>y varying the heating 
current, When preignition iterted at i he ratios where 
it WHS illieoiitrolliihle. the temperature of the heated 
coil immediately begun to rise very rapidly, even with 
the heating current turned olf. 

h iippeurs UIIIISIIHI that the ignition temperature*of 
hen acne and iao-oetane (S i fueh ihould be so nearly 
the smut' mill yet   i hoi   heu/.ene shoulil luive such uu- 

woiild  lie siiuihir to  lluit  ohhiineil  liy  retarding I lie 
•park. 

4. Depreciation of preignitine. fuels with mi increase 
ill engine speed eiin he explained by the inerense in llio 
temperature of the poorly cooled portions of the coin- 
hustion chiiiuhcr. such usspiirk plugs, with im increiised 
output of the engine. Alltmuirli the ignition tempera- 
lure increiises with engine speed, the increiise is prohiihly 
less limn the increiise of the temperature of such lint 
spols. 

.">. The unfavorable prcigniliiig tendency of hen/.ene 
Can prohiihly he attributed to the fuel tluit the hen/.ene 

fiivonihle prcigniliiig tendencies.     Figure!»showed lluil     Hume renches H higher temperature lliiin the giisoline 
hen/.ene gives rise to higher tlicrniiil-plug tciiiperalures 
lliiin does iso-ochine til the siinie indicated mean 
effective pressure: therefore, when benzene is used, 
the prcigniliiig tendency is greiiter.     In figure 30, the 
peak   pressures  mid   the   penk   tciiiperalures  resulting 
from the burning of bensene-eif mul iso-ootene-air 
mixtures me shown plotted iigninst fuel-air ratio, us 
calculated l>y Goodenougb mid Pelbeck (reference 15). 
The combustion gases, when banaene is used, readi H 

higher temperature lliiin with iso-octmie hcemise of the 

llmiie. ciiusing higher temperatures of (he inner surfiice 
of the eombuation clinmher. Coiiseipienlly. benzene 
might preignile nl engine outputs tluit do not cause 
preignition of, for example. IIMl-octiine giisoline. 

ti. Differences in the ignition tciiiperalures of the 
various fuels tested (with the exception of methiinoll 
were not strikingly great, and the maximum permissible 
specific output! with the fuels could not lie correlated 
with Iheir ignition temperatures. It appears possihle 
that some comliinatioii of ignition temperature, heal of 

difference in the heat capacities of the products of com-     eombuation, and specific heals of the products of com- 
thc  maximum output  of a liuslion of the two fuels. When hen/ene is used in an 

engine, the engine will therefore run hotter than it 
would run with iso-octane. in I he discussion included 
in reference I I. I{. V. Ixerley mentioned thai the higher 
luminosity of the hen/.elie flame may cause higher 
engine temperatures because of the greater radiation. 

(ORRKI.ATION OP ri'KL HKIItHOK WITH KiNITION   II Mil KATI HI 

On the basis of the results obtained ami ihe foregoing 
discussion, any method of evaluating the performance 
possibilities of fuels with respect to their prcigniliiig 
tendencies will prohiihly luive to lake into account I lie 
heal capacity of the combustion products and the heat 
of eombuation of the fuel, as well as the ignition tem- 
perature.    A method of (eating in an engine might lie 
developed ill which both th nihiistinii-chunibcr-wiill 
temperature at some s| ilicd output mid the ignition 
temperature of the fuel would be determined for each 
fuel. 

CONCLUSIONS 

1. The flame originated by preignition has the same 
characteristics as the flame originated hy a spark plug: 
the only difference is the title mid the location of 
ignition. 

2. The results indicated that preignition. in addition 
to  its serious effects  when   it   becomes considerably 

liuslion   may   determine 
prcigniliiig fuel. 
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Positive directions of axe* and anglea (forces and moments) are shown by arrows 

Axis 

Force 
(parallel 
to axis) 
symbol 

Moment about axis Angle Velocities 

Designation 8ooT Designation 8bT Positive 
direction 

Designa- 
tion *a Linear 

(compo- 
nent along 

axis) 
Angular 

Longitudinal  
Lateral   

X 
Y 1 

X 
Y 
Z 

Rolling 
Pitching.... 
Yawing  

L 
M 
N 

Y—»Z 
Z >X 
x—»y 

Roll 
Pitch  
Yaw 

»> 
* 

I 
• 
• 

P 
< 
r 

Absolute coefficients of moment 

(rolling) (pitching) (yawing) 

Angle of set of control surface (relative to neutral 
position), S.    (Indicate surface by proper subscript.) 

4. PROPELLER SYMBOLS 

D 
P 
PID 
V 
v. 
T 

Q 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

T Thrust, absolute coefficient CT=—sra pn'U* 

Torque, absolute coefficient CQ= 

C 

i 
n 

pPZ? 

B. NUMERICAL RELATIONS 

Power, absolute coefficient Cr= 

VaV* 

Efficiency 
Revolutions per second, rps 

Effective helix angle=tan~'f = 1 

1 hp=76.04 kg-m/s=5S0 ft-lb/sec 
1 metric horsepower=0.g863 lip 
1 mph=0.4470 mps 
1 mps = 2.2309 mph 

1 lb=0.4536 kg 
1 kg=2.2046 lb 
1 mi= 1,609.35 m=5,280 ft 
1 m=3.2808 ft 

I 
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